The dynamic magnetic properties of MgO / Fe epitaxial thin films are investigated through a network analyzer ferromagnetic resonance in the 0 -26-GHz range. The high-frequency response is measured for applied in-plane magnetic fields comparable to the fourfold magnetocrystalline anisotropy of the film, resulting in large-angle in-plane quasistatic motion of the magnetization. We show that the variation of the resonance frequency with both the amplitude and the direction of the external field is in good agreement with the ferromagnetic resonance equations, allowing precise determination of the anisotropy.
I. INTRODUCTION
In magnetic recording, sensor devices, and magnetic read heads, the magnetic anisotropy plays a key role. Therefore, for both fundamental and technological reasons, the investigation of the magnetic anisotropy in ultrathin magnetic films is currently attracting significant attention. For example, much focus has been given to the epitaxial bcc crystalline Fe films recently because of their high structural quality, and as such, they provide a good model system in which the correlations between the magnetic anisotropy and physical structure can be probed with a number of different techniques. In earlier experiments, the transverse initial susceptibility 1,2 ͑TBIS͒ technique has been used to determine the magnetic anisotropy of magnetic films in the quasistatic regime ͑1 kHz͒.
At gigahertz frequencies, ferromagnetic resonance ͑FMR͒ has allowed the precise measurement of the static properties of magnetic films saturated by a large magnetic field. [3] [4] [5] In such experiments, the resonance is probed by sweeping the applied field. The resonance fields provide a measurement of the effective field seen by the uniform precession mode that is excited by a uniform rf field. The effective field contains contributions from the external field, the demagnetizing field, and the magnetocrystalline energies. Standard FMR technique provides very high sensitivity due to the high-quality factor of the cavity at the working frequency, fixed by the geometry of the cavity. Then it has proved to be useful in providing accurate measures of the static properties of thin films, given by the magnetic anisotropy constants, and the dynamic properties, given by the linewidth ⌬H of the resonance which provides information on relaxation processes
Recently, experiments using time-resolved magnetooptical kerr effect 6 ͑MOKE͒ and pulsed inductive microwave magnetometry [7] [8] [9] ͑PIMM͒ has allowed to study the magnetic response of thin films in the time domain. With significant improvements in permeability measurement systems, [10] [11] [12] [13] [14] the technique has enabled the precise characterization of magnetization dynamics in the frequency domain when attached to a network analyzer ͑NA-FMR͒. In NA-FMR experiments the resonance is probed by sweeping the frequency of the pumping field h rf . Here the inhomogeneity of the rf exciting field may induce distortion of the signal and needs to be taken into account when studying the evolution of both resonance frequency and linewidth ⌬f with the external field, 12,14,15 compared with the homogeneous exciting field created by the FMR cavity. Thus, the nonresonant NA-FMR system allows magnetization dynamics to be conveniently studied for a continuous range of applied fields and frequencies without any change of the experimental setup; thanks to the large ͑Ͼ40 GHz͒ bandwidth of the system. Moreover, this technique provides both the real and imaginary parts of the complex susceptibility.
The anisotropic behavior at gigahertz frequencies of relaxation mechanisms such as the two magnon process are currently studied in Fe thin films, using FMR technique. 4, 16 The nonlinear evolution of the linewidth with frequency in the 0 -20-GHz range is one of the characteristics of this relaxation mechanism. However, at such frequencies, the resonance field is comparable to the in-plane magnetocrystalline anisotropy field and the FMR signal can become distorted. 4 Indeed, the direction of the effective field varies throughout the measurement when the magnetization is not aligned with an easy direction of the magnetocrystalline anisotropy field. The measured linewidth ⌬H thus reflects the effect of both the damping of the processional motion and the dragging of the magnetization behind the applied field. In NA-FMR, the equilibrium orientation of magnetization remains fixed as the frequency of the rf field is swept, provided that the rf field amplitude is small.
In this paper we focus on the static properties of epitaxial Fe/ MgO thin films, which are highly attractive due to the good tunnel magnetoresistance ͑TMR͒ ratio of Fe/ MgO / Fe multilayers. 17 We demonstrate that the NA-FMR technique allows to study the static evolution of the magnetization at large angles with respect to the applied field by varying continuously its amplitude and direction. We show that the corresponding evolution of the resonance frequency can still be precisely fitted to the usual ferromagnetic resonance equations. Therefore, it allows accurate determination of both the magnitude and the direction of the magnetic anisotropy fields.
II. EXPERIMENTAL SETUP AND SAMPLE PREPARATION
Epitaxial MgO buffer layers, 12 nm thick, were grown at 450°C by pulsed laser ablation on clean MgO surface ͑001͒. bcc Fe films with a thickness of 12 nm were subsequently deposited by triode sputtering at room temperature on the MgO buffer layer. 18, 19 As shown in previous studies, 18 all lattice parameters are close to bulk values within 0.5%: there exists a small out-of-plane extension, which can be interpreted as a small Fe lattice accommodation due to the 3.8% lattice mismatch with respect to MgO upon 45°in-plane rotation. The epitaxial relations are then Fe ͑001͒ ͓110͔//MgO ͑001͒ ͓100͔, and the ͓100͔ and ͓010͔ crystallographic axes of Fe were found to be the easy axes of the fourfold magnetocrystalline anisotropy.
19 A 6-nm-thick MgO capping layer was then deposited to prevent oxidization of the magnetic film. ͑Fig. 1.͒
The NA-FMR technique involves a measurement of the impedance of a coplanar waveguide loaded by the magnetic sample. 11, 12 The harmonic voltage sent through the waveguide creates a pumping field h rf perpendicular to the waveguide which excites the precessional motion of the magnetization. The motion of the magnetic moment creates a mean flux variation, which in proper conditions is equivalent to a change of the characteristic impedance of the line ⌬Z ϰ ͑f͒, where ͑f͒ is the complex susceptibility of the magnetic film. The impedance is first recorded with a 0.1-T static field applied parallel to the pumping field. For a pumping field h rf with small amplitude, no spin waves are generated in this configuration. We then record the additional magnetic response with the static field applied in different directions and deduce the magnetic part of the response by subtracting the two recorded signals.
Here we use a small rf pumping field 0 h rf Ӎ 0.1 mT to ensure that we remain in the linear regime. The extracted dynamic susceptibility of the magnetic film is well fitted to a Lorentzian profile, in good agreement with the solution of the linearized Gilbert equation. The imaginary part of the susceptibility Љ͑f͒ is then given by
This allows to extract the maximum amplitude A, the resonance frequency f FMR , and the linewidth ⌬f of the resonance.
III. THEORETICAL BACKGROUND
Let us consider a system with both an in-plane fourfold anisotropy K 4 and an in-plane twofold anisotropy K 2 . We define ͓100͔ and ͓010͔ as the directions of the fourfold anisotropy axes. We use ␤, H , and to denote, respectively, the angles between the ͓100͔ easy axis and the uniaxial anisotropy easy axis, external applied field, and magnetization, as illustrated in Fig. 2 . The magnetic energy density is given by
where 0 is the permeability of free space, M S is the saturation magnetization, and is the angle between the film normal and the magnetization. The first term describes the Zeeman energy and the second term the demagnetizing energy. The third and fourth terms are the usual descriptions of the fourfold and twofold magnetocrystalline anisotropy energies, respectively. The equilibrium position of the magnetization is given by FIG. 1. Schematic picture of the resonance when measuring by FMR and NA-FMR. ͑a͒ In FMR measurements, the resonance is probed by scanning the external field H b around the resonant field for a given resonance frequency. During the scan, the static equilibrium magnetization M eq approaches toward the orientation of the applied field, and the effective field seen by the processing magnetization is changing. ͑b͒ In NA-FMR measurements, the external field value is fixed and the resonance is probed by scanning the frequency of the pumping field h rf .
FIG. 2. ͑a͒
Coordinate system to describe the direction of the magnetization and the magnetic anisotropy. ͑b͒ Schematic description of the experimental setup. The magnetic sample is deposited on the coplanar waveguide. denotes the angle between the magnetization and the exciting field h rf created by the waveguide.
The first condition gives 0 = / 2, and the second condition gives the in-plane angle 0 of the magnetization at its equilibrium position. The resonance frequency f FMR is then given by
where ␥ 0 = ␥ 0 and ␥ /2 = 29.4 GHz T −1 being the gyromagnetic ratio. An analytical expression of Eq. ͑4͒ can be found when the external field H b is strong enough to align the equilibrium magnetization along its direction.
In what follows, we will consider that the twofold anisotropy is much smaller than the fourfold anisotropy, that is,
For H b applied along one of the fourfold anisotropy easy axes, the magnetization then lies along the direction of H b at any applied field. The resonance condition is then given by
where H 4 =2K 4 / 0 M S and H 2 =2K 2 / 0 M S are, respectively, the fourfold and twofold anisotropy fields corresponding to the fourfold and twofold anisotropy energies. The ϩ and Ϫ refer, respectively, to the ͓001͔ and ͓010͔ directions. When H b is applied along a hard direction, the magnetization lies along the applied field when H b Ͼ ͉H 4 ͉ + ͉H 2 ͉, and the resonance condition is
where the ϩ and Ϫ refer, respectively, to is the ͓110͔ and ͓110͔ directions.
IV. EXPERIMENTAL RESULTS
In Fig. 3 , we show the measured squared resonance frequency versus the applied field H b , with H b along the easy direction ͓100͔ and the hard direction ͓110͔ of the fourfold anisotropy. To ensure that the magnetization of the sample is well saturated, we apply a static field which is always above the coercive field 0 H c Ӎ 1 mT measured by MOKE ͑Fig. 4͒.
A. Easy-axis measurements
When H b is applied along the ͓100͔ easy direction, the magnetization lies along the direction of H b , and the squared resonance frequency f FMR 2 follows a linear behavior as described by Eq. ͑5͒, as M S ӷ H 4 , H 2 . Graphically, the slope of the linear fit shown in Fig. 3 20 on the same system which show that, in addition to the fourfold magnetic anisotropy due to the bcc structure of Fe, an additional uniaxial anisotropy is found superimposed. At low applied fields, this is evidenced by the difference between the magnetic reversal processes observed with the external field applied along either the ͓100͔ or the ͓010͔ direction ͑Fig. 4͒. The hysteresis loop, measured by MOKE, is square for the external field applied along the ͓010͔ direction. For the external field along the ͓100͔ direction, the hysteresis loop clearly shows plateaus, which indicates that the magnetization rotates 90°with respect to the ͓100͔ direction, therefore pointing along the ͓010͔ direction. This uniaxial anisotropy was ascribed to interfacial origin 19 due to the presence of steps on the MgO surface.
In previous studies on similar Fe/ MgO thin films with fourfold anisotropy and a uniaxial anisotropy superimposed, the latter is very likely to be along an easy direction, that is, ␤ = 0°or 90°. Experimental results, reported in Table I , are in good agreement with previously obtained values in both quasistatic TBIS measurements 2,3 and high-frequency FMR measurements. 
FIG. 4. Hysteresis loops performed by MOKE.
When the external field is applied along the ͓100͔ direction, a two-step reversal is observed, which results from an additional uniaxial anisotropy axis lying along the ͓010͔ direction.
We now study the gradual rotation of the magnetization when the field is applied along the hard axis and is gradually increased from 0 to H b Ͼ H 4 .
B. Hard-axis measurements
For H b applied along the ͓110͔ hard direction for instance, we observe three distinct parts in the static evolution of the magnetization. This is shown in Fig. 3 : ͑1͒ At H b Ͼ H 4 Ӎ 40 mT, the magnetization lies along the external field and f FMR 2 ͑H b ͒ follows a linear behavior as described by Eq. ͑6͒. ͑2͒ When H b ഛ H 4 , energy minimization implies that the magnetization rotates reversibly toward an easy axis. In this case, the magnetization and the external field are no longer aligned and the FMR equations have to be solved numerically to account for the static rotation of the magnetization. ͑3͒ At zero applied field, the magnetization lies along an easy direction and the measured resonance frequency is then the same for both easy-and hard-direction measurements. The same dependence ͑not shown͒ is obtained for the ͓010͔ easy direction and ͓110͔ hard direction, which means that the system essentially exhibits a fourfold symmetry, i.e., K 2 Ӷ K 4 , as already deduced from easy-axis measurements.
To test the validity of the energy model when the angle ͑ 0 − H ͒ between the magnetization and the external field is large, we use the values of K 4 and K 2 extracted from easyaxis measurements to evaluate numerically the resonance frequency and compare them to the experimental results ͑Fig. 5͒. Let us first detail the expected evolution of the magnetization. If H b is applied strictly along the hard-axis direction and H 2 = 0, we expect a soft mode to appear at H b = H 4 . If we take into account the measured uniaxial anisotropy, no soft mode is expected as the fourfold symmetry of the system is broken. In this case, the magnetization begins to rotate toward an easy axis at H b Ͼ H 4 , and a minimum in the resonance frequency should be observed ͑see the dashed line in Fig. 5͒ .
However, the measured minimum resonance frequency is still greater than the minimum calculated by FMR equations. To account for this discrepancy, we have considered a slight misalignment of the applied field H b with the hard direction to account for the experimental data. The angle that describes best the experimental data can be determined with good precision, as the minimum resonance frequency is strongly affected by small deviations between the applied field and the hard-axis direction. The angle is found to be H = 47.3°± 0.2°, consistent with the alignment precision of the electromagnet that generates the field H b . The agreement between the calculated and measured data, in the whole field and frequency range, shows, that the static behavior of the magnetization is well described by the theoretical energy model. The ±0.2°error bar is determined roughly by the two extreme values of the misalignment which present an acceptable value of minimum frequency ͑see Fig. 5͒ .
C. Direct measurement of the angular position
We now show that the measurement procedure allows the angular position of the equilibrium magnetization to be measured directly. Indeed, the area under Љ͑f͒ is proportional to the volume of probed magnetic material V. The maximum amplitude A of the measured signal, obtained from a Lorentzian fit, is then proportional to V / ͑f FMR ϫ⌬f͒ as long as the magnetization at its equilibrium position lies perpendicular to the pumping field h rf . However, the efficiency of the pumping field h rf is modulated by a sin 2 factor, 12 where is the angle between the magnetization and the direction of h rf ͓Fig. 2͑b͔͒. We thus measure the pumping efficiency by looking at the evolution of the relative amplitude of the signal. This provides sin 2 , which is the angular position of the magnetization. In Fig. 6 , we show that the experimental data are consistent with the theoretical angular position calculated from Eq. ͑3͒. However, in the region H b Ӎ H 4 the linewidth dramatically increases due to the typical 1°angular dispersion of the fourfold anisotropy. 19 Indeed, we have shown that a slight change in the static parameters strongly changes the reso- nance frequency at H b Ӎ H 4 . The inhomogeneous linewidth broadening is then maximum at such static field. As a consequence, the resonance profile is no longer Lorentzian, which renders the fitting procedure invalid. The overall linewidth, i.e., the peak-to-peak linewidth taken from the real part of the susceptibility, 12 reaches 2 GHz at H b Ӎ H 4 ͑see inset of Fig. 6͒ . Therefore, the angle can not be measured precisely in this region. However, we have shown that NA-FMR measurements allow us to gain access to the direction of the magnetization. Compared to MOKE measurements, this vectorial characterization of the magnetic reversal process is of great interest, as we will show in Sec. IV D.
D. Polar measurements
We have seen that the small misalignments between the applied field and the anisotropy hard axis can lead to large variations in the resonance response. To avoid such difficulties, one can also perform similar measurements with fixed field magnitude but varying direction of the applied field H . In this method, the small misalignment is no longer a source of error, as it is now a fitting parameter. Moreover, the angular dependence of the resonance frequency provides a simple picture of the anisotropy symmetry, as well as the value of the anisotropy constants which may be extracted from angular-dependent FMR equations. In Fig. 7 , we present experimental results at 0 H b = 40 mT and 0 H b = 100 mT. Note that, for each orientation of the static field, the 100-mT field was applied first in order to avoid hysteretic behavior of the static magnetization. We first note that, at any applied field, the anisotropy of the magnetic film shows a clear fourfold symmetry. Let us assume that at 0 H b = 100 mT the equilibrium magnetization and the external field are aligned. The FMR frequency can thus be calculated analytically from Eqs. ͑3͒ and ͑4͒. A fit from the analytical solution provides the magnetic parameters reported in Table  II, consistent with the results of Table I. However, this polar fitting procedure is less accurate than the fitting procedure performed on easy-axis measurements, reflected by greater error bars. Indeed, it can be seen in Fig. 8 that the equilibrium magnetization is not always perfectly aligned with the bias field. The angle 0 was measured using the procedure described in Sec. IV C. Note that the experimental misalignments are in perfect agreement with the theoretical angular position calculated from Eq. ͑3͒. In this case, the analytical solution used for the fitting procedure is not strictly valid, resulting in a less accurate determination of the magnetic anisotropy constants. We would like to emphasize that anisotropic contribution to the linewidth has been observed, but the inhomogeneous contribution already mentioned still needs to be discriminated from the intrinsic contribution such as the two-magnon process. 4 At 0 H b = 40 mT, the magnetization is generally not aligned with the applied field. In this case, a numerical fitting procedure is needed to extract the magnetic parameters. To check for consistency, we show that the model reproduces well the experimental data. Taking the values of magnetic parameters extracted from the previous fitting procedure, we show both the calculated data from FMR equations and the experimental data in Fig. 7 . We see that FMR equations still describe well the magnetization dynamics at any angular position and at any magnitude of the external applied field. The energy model is then valid at any applied fields and at any angle, indicating that the magnetization is fairly homogeneous inside the sample.
V. CONCLUSION
We have shown that NA-FMR has provided further insight into the broadband response of anisotropic magnetic materials. In our epitaxial Fe/ MgO system, the applied and magnetocrystalline anisotropy fields are of the same order of magnitude, and the angle between the magnetization and the applied field can vary over a large range. Nevertheless, we have shown that the technique allows the static properties to be determined unambiguously, irrespective of the direction of the equilibrium magnetization relative to the external bias field. The theoretical energy model used to describe the magnetic anisotropy fits well with the experimental data in the whole 0 -26-GHz dynamic range, which allows us to determine the anisotropy constants accurately. We have shown that this model can be precisely fitted to both static and dynamic behaviors of the magnetization, especially in the case when the magnetization is not aligned with the bias field.
Scanning the frequency instead of scanning the field avoids any dragging of the magnetization while probing the resonance. The frequency linewidth can thus be studied for all in-plane orientations of the magnetization, in the whole 0 -20-GHz frequency range. We are currently studying the anisotropic contribution to the linewidth observed during polar measurements, which opens the way to a better understanding of relaxation processes such as two-magnon scattering in Fe thin films. [21] [22] [23] 
